ABSTRACT Self-interference (SI) channel characteristics are crucial for SI cancellation (SIC) techniques of in-band full-duplex (IBFD) wireless communications. This paper develops two geometry-based statistical channel models-geometry-based concentric ellipses model (GBCEM) and geometry-based concentric circles model (GBCCM)-for full-duplex systems in micro-and macrocell environments, respectively, to analyze the characteristics of reflected-path SI (RSI) compared with the desired signal (DS). The probability density functions of incident angle and path length are derived to identify the fading characteristics of RSI and DS. The simulations based on GBCEM and GBCCM intuitively present the signal characteristics by the signal envelope in the time domain, the statistics of signal envelope, the autocorrelation properties, and the power spectral density. We find that the fading characteristics of RSI and DS can be modeled as Rayleigh when reflectors sit far away from the receiver. We also find that RSI is still likely to be Rayleigh fading, even if DS is not when reflectors scatter in a specific region restricted by the range of incident angle. Our works on the characteristics of RSI and DS are generally helpful to explore a more efficient SIC mechanism for IBFD systems, and the developed models are useful for both simulation and analysis purposes.
I. INTRODUCTION
In-Band Full-Duplex (IBFD) operation enables same band simultaneous transmission and reception, which offers the potential to double the spectral efficiency of traditional half-duplex systems [1] . However, self-interference (SI), the echo of the transmitted signal from a transmitter to its co-local receiver, is a major impediment for practical IBFD operation. Two kinds of components make up the complete SI: direct-path SI (DSI) and reflected-path SI (RSI). DSI refers to the line-of-sight (LOS) signals coupling from transmit antennas to receive antennas, or the leaked signals in circulators. RSI is typically the non-line-of-sight (NLOS) reflections of the transmitted signal from the external environment [2] , [3] .
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A. SELF-INTERFERENCE CANCELLATION TECHNIQUES
As the much stronger SI signal drowns the desired signal (DS) from a remote transmitter, 79 to 116 dB of cancellation is required in full-duplex systems to prevent sensitivity losses compared to the counterpart half-duplex systems [4] . Current SI cancellation (SIC) techniques can be implemented in three domains: propagation-domain, analog-circuit-domain, and digital-domain. Propagation-domain schemes make use of physical methods to increase the propagation loss for SI, while analog-circuit-and digital-domain schemes reconstruct the predicted SI for cancellation based on the transmitted signal and channel estimation [2] .
Propagation-domain solutions (e.g., path loss, directional antennas, cross-polarization, ect.) are very important and contribute to a large portion of SIC in existing full-duplex designs [5] . The effective cancellation, however, is limited by environmental reflections, and the maximum cancellation achieved in the reflective room is about 27 dB less than in the anechoic chamber [6] . Therefore, an additional cancellation of 34 to 71 dB is expected to be acheived in the analog-circuitand digital-domain, to reduce the level of SI signal to the noise floor. If propagation-domain solutions are pushed to achieve more isolation, SI channel likely becomes more dominated by environmental reflections, which means that the residual SI after propagation-domain cancellation is dominated by RSI [4] .
Prevalent analog-circuit-domain schemes prefer a multitap canceller with tapped-delay-line architecture to be deployed at the input of receiver chain [7] . The canceller, in fact, is a multitap RF filter with multiple fixed delay lines and tunable attenuators and phase shifters, which is able to take into account both DSI and RSI. The RF lines, however, have to be carefully tuned and they are susceptible to imperfect SI channel state information (CSI) and the variation of SI channel [3] , [8] .
Digital-domain schemes are intended for removing the residual SI after propagation-and analog-circuit-domain cancellations by leveraging advanced digital processing techniques. However, the amount of cancellation is limited by the ADC dynamic range [4] . Besides, no prior model of SI channel is used and constant estimation is required to track the varying channel, which lead to a higher implementation complexity [3] .
B. EMPIRICAL MODELS OF SELF-INTERFERENCE CHANNELS
Improving the performance of current SIC schemes relies on exact model of SI channels [8] . A number of measurementbased studies have been done to present empirical models of SI channels.
Power delay profiles (PDPs) of the SI channels at 2.6 GHz in indoor environments were measured [10] , [11] . Authors in [10] decomposed the PDP into three parts: leakage path, antenna reflection path, and space multipath, among which the space multipath was modeled as a power-law decay plus a noise-like Lognormal variation. The PDP in [11] was modeled as a exponentially decaying function with specular components represented by delta functions. In addition, the SI channel at 2.45 GHz was measured, based on a 2×2 MIMO full-duplex transceiver with dual-polarized antennas [12] . It reveals that the SI channel can be represented by a multipath model consisting of a quasi-static internal subchannel, and a time-varying external subchannel represented by a modified Saleh-Valenzuela model. What's more, authors in [13] studied the dispersive behaviors of SI channel, in direction and delay domains, at the millimeter-wave frequency bands in a meeting room.
Given all the above works focused on indoor environments, Wang et al. [14] carried out measurement campaigns in a dense urban environment. They observed that the power of multipath components inside a cluster exponentially decayed while the most significant path in each cluster did not decay. Moreover, RSI channel measurements were performed in a mmWave beamformed full-duplex system for both indoor and outdoor environments in [15] . They found that the RSI has long propagation delay, which can not be removed by conventional analog-circuit-domain cancellation. To the best of our knowledge, this is the exclusive work investigating the characteristics of RSI separately from DSI.
C. GEOMETRY-BASED STATISTICAL CHANNEL MODELS OF PROPAGATION CHANNELS
Analytical channel models are more attractive than empirical models in general environments. One of the most commonly used analytical channel models is geometry-based statistical channel model (GBSCM) [16] . These models are defined by spatial location of the transmitter, receiver, and scatterers that are described by the area form and the spatial density of their occurrence [17] .
The literature has many previous studies on the fundamental GBSCMs for propagation channels in half-duplex systems. Liberti and Rappaport [18] provided a geometrical model for microcell propagation channels, in which scatterers uniformly distributed inside an ellipse with the base station and mobile receiver at the foci. In addition, authors in [19] developed a circular model for macrocell channels, assuming scatterers uniformly distributed within a circle with the mobile receiver at the center and the based station outside the area. After that, other models using the ellipse [20] , [21] or the circle [22] - [24] as the form of scattering area are developed. Besides, a multi-elliptical model for the path geometry of single scattering is proposed by Parsons and Bajwa [25] , and its extension in [17] combines the relationship of the Doppler effect and the spatial position of objects. On the other hand, ring and semi-ellipse are also used as forms of scattering areas [26] , [27] . Apart from the above 2-D scattering models, 3-D scattering models are also developed in [28] - [30] .
D. OUR CONTRIBUTION
The empirical models of SI channels, derived from measurements, are only efficient and accurate for environments with the same specific characteristics as those where the measurements were made. The analytical model of SI channel in outdoor environments with rich reflections is quite absent. Besides, DSI already can be effectively mitigated by propagation-and analog-circuit-domain cancellation, while the amount of RSI cancellation combined in three domians is still not satisfying [4] , [5] . Therefore, more researches on RSI channel characteristics are needed for exploring a good suppression of RSI.
• In this paper, we develop two GBSCMs-geometrybased concentric ellipses model (GBCEM) and geometry-based concentric circles model (GBCCM)-for full-duplex systems in micro-and macrocell environments, respectively. The characteristics of RSI compared with DS are analyzed based on these models.
• The probability density functions (PDFs) of incident angle and path length for each RSI and DS components are derived. We identify the fading characteristics based on these PDFs, and discuss the conditions for RSI as well VOLUME 7, 2019 as DS to be Rayleigh fading in GBCEM and GBCCM, respectively. We find that the fading characteristics of RSI and DS both can be modeled as Rayleigh when reflectors scatter far away from receiver. In addition, RSI is still likely to be Rayleigh fading, even if DS is not, when reflectors sit in a specific region limited by the range of incident angle.
• . It is verified that the developed models could provide the basic characteristics of RSI and DS, and they are useful for both simulation and analysis purposes. The remainder of this paper is structured as follows. In section II, we review the propagation mechanisms of radio waves in mobile communications and discuss the propagation characteristics of multipath channels. Then, we describe the two developed geometry-based statistical channel models in section III, as well as analyzing the fading characteristics of RSI and DS. Section IV presents simulation results and discussion. Conclusions are made in section V.
II. PROPAGATION CHARACTERISTICS OF MULTIPATH CHANNELS
In mobile radio communications, the arrival signal at a receiver is a superposition of waves coming from two or more paths due to multipath propagation, which can be generally represented as [31] 
where C n , τ n , φ 0,n , φ n , f D,n are the amplitude, time delay, initial phase, phase shift, and Doppler shift, respectively, associated with the nth propagation path, f c and λ c are the carrier frequency and wavelength, respectively, s(t) is the transmitted band-pass signal, and N is the number of paths. d n and θ n are the path length and incident angle, respectively, associated with the nth path, and f m is the maximum Doppler frequency. The amplitude C n depends on the cross-sectional area of the nth reflecting surface and the path length d n , which relies on the physical reflecting geometry. The initial phase φ 0,n is randomly introduced by the nth reflector, while the Doppler shift f D,n is caused by the relative motion between the transmitter and receiver or the movement of reflectors within the channel [31] . A typical scenario for mobile communications is shown in Fig. 1 , where the mobile station (MS) is moving while the base station (BS) is still. Three basic mechanisms-reflection, diffraction (shadowing), and scattering-impact the signal propagation. The solid arrows depict the forward propagation paths of the transmitted signal (i.e.,the paths of DS), at the same time, there also exist backward propagation paths of the transmitted signal, depicted by dash arrows. Given that the MS operates in IBFD mode, these backward signals comprise RSI and it will interfere with the DS. It is worth to mention that reflection and scattering account for the multipath propagation of DS and RSI, while shadowing only impact the propagation of DS. On the other hand, the motion of the MS results in a time-variant behavior of channel [32] , thus the Doppler shift of received signal.
As indicated by [32] , [33] and [34] , multipath propagation in connection with Doppler shift leads to drastic and random fluctuations of DS, which is referred to as Rayleigh fading. If there exists a dominant LOS component, Rician fading is more applicable to DS [31] . Since RSI also undergoes multipath propagation and Doppler shift, we make the inference that the fading characteristics of RSI also can be modeled as Rayleigh or Rician.
According to Eq. (1), the main differences between DS and RSI are the amplitude C n , time delay τ n , and phase shift φ n , which are dependent on the path length d n , whereas, the Doppler shifts of the RSI and DS components from the same reflector are equal. We will further analyze the fading characteristics of DS and RSI based on geometrical models in Section III.
III. GEOMETRY-BASED STATISTICAL CHANNEL MODELS A. GEOMETRY-BASED CONCENTRIC ELLIPSES MODEL
The geometry-based concentric ellipses model (GBCEM), in Fig. 2 , is developed from the Parsons-Bajwa multielliptical model [25] , [34] . The GBCEM is applicable for microcell environments since the antenna heights of a BS deployed in the microcell are relatively low and multipath reflections near the BS is just as likely as that near the MS [36] . Note that we make some assumptions: (a) the BS and MS operate in full-duplex mode as the models developed in this paper are intended for full-duplex systems, (b) the MS is moving and the BS is stationary. Additionally, we consider downlink communications in the models, thus we also call the BS ''the transmitter'', and the MS ''the receiver''.
As shown in Fig. 2 , the BS (B) and MS (M ) are located at the foci of the ellipses and the reflectors S n scatter on the elliptical contour. In addition, α n is the angle associated with the location of S n (for simplicity, we call it the angle of S n in the rest of this paper), wheras a i is the semi-major axis of the ith ellipse. The blue solid arrows denote the path of DS and the red dash arrows denote the path of RSI. Note that each reflector is assumed to be an omnidirectional reradiating element, and contributes to both the two kinds of paths, although we do not fully depict them in Fig. 2 . Besides, a nice attribute of this model is that all paths of the DS associated with reflectors on the same ellipse will have the same path length, thus the same propagation delay.
Given that the distance between B and M is d 0 , the model will be defined by the distribution functions of a i and α n , according to which reflectors can be randomly placed in a regular area. We assume that the PDFs of a i and α n are
respectively, where u is a constant that is far greater than λ c . We omit the subscripts of a i and α n for simplicity. From the location of each reflector, the signal amplitude, propagation delay, phase shift in Eq. (1) can be determined, whereas the Doppler shift would be determined by the extra knowledge of incident angle and maximum Doppler shift. Note as well that the incident angle of the multipath is dependent on the angle of the reflector and the direction of the motion due to MS. If the angle between the direction of the motion and the line MB is β, then
where β is any angle in the interval (0, 2π ). Since α uniformly distributed from 0 to 2π , the range of θ covers a period of sinusoidal functions and it is independent of β. Therefore, the range of Doppler shift keeps constant if the maximum Doppler shift is determined. Another attribute of this model is its independence of the direction of the motion. We first analyze the characteristics of DS. The path length and incident angle of each DS component follow
respectively. According to Clarke's model [37] , multipath signals have Rayleigh distributed envelopes given that the incident angle and phase shift introduced by each path are statistically independent and uniformly distributed in the range (0, 2π ). Considering the relationship between the phase shift φ n and propagation distance d n in Eq. (2), Clarke's model indicates that d n would be uniformly distributed in the range (0, D), where D is a constant far greater than the wave length λ c . Therefore, the DS comprising multipath signals from reflectors on various ellipses is Rayleigh fading. It is worth to mention that, however, the DS will become Rician fading if there exists a dominant path among all the paths. Without loss of generality, we consider Rician fading as a special case out of Rayleigh fading in this paper. We then investigate the fading characteristics of RSI. It is easy to observe that the RSI and DS components resulting from the same reflector have the same incident angle, whereas the phase shift of them are distinct due to the different propagation trajectories. Therefore,
and
where l is the distance from the reflector S 2 to M . For simplicity, we analyze the PDF of l instead of d RSI .
In polar coordinates, l can be represented as [38] 
where c = d 0 /2 is the focal distance. We firstly consider l as a function of a, which is monotonic. Thus the PDF of l is (see Appendix A)
In addition, we can calculate from Eq. (12) that when l/d 0 ≥ cos α + m sin α, where m can be any positive value,
Then consider l as a function of α, and it is not monotonic. We can obtain the PDF of l from its CDF (see Appendix A) Normalized distribution functions f l (l)/u for different values of α in the range (0, π), and lines for different values of m are provided in Fig. 3 . It is worth to mention that the distribution functions for π + α (omitted here) are the same as those in Fig. 3 . We can observe that all the curves converge to 1 as l/d 0 increases. In addition, every curve exceeds 0.9 when m = 1.5, and almost equals to 1 when m = 10. The results indicate that when a is uniformly distributed, f l (l) can be approximated to uniform distribution for the case that the distance between the reflectors and the receiver is far enough, which is independent of the value of α.
where l ∈ (a − c, a + c), and e = c/a is the eccentricity. It can be calculated from Eq. (11) that when l/d 0 ∈ (
On the other hand, the value of l relies on α according to Eq. (7), hence the corresponding ranges of α are
and 2π − A. Exemplary distributions of f l (l) for different values of e are provided in Fig. 4 . It can be seen from each curve that the variation of f l (l) is less than 0.01 when l/d 0 varies within a particular range, which implies that f l (l) can be considered as uniform distribution in this range. Additionally, the probabilities of small and large values of l are higher than the probability of median l.
For different values of e in Fig. 4 , the ranges of l/d 0 that make f l (l) close to uniform distribution are specific parts of elliptical contours and the area of the specific parts varies with the eccentricity.
For GBCEM with uniformly distributed a and α, as previously discussed, DS is Rayleigh fading. On the other hand, RSI always tends to be Rayleigh fading when the reflectors sit far away from the receiver, which is independent of the incident angle. Or it tends to be Rayleigh fading when the reflectors scatter in a specific region limited by the range of incident angle, and the area of the region is dependent on e.
B. GEOMETRY-BASED CONCENTRIC CIRCLES MODEL
The geometry-based concentric circles model (GBCCM) is developed from the circular model [19] , [36] , as shown in Fig. 5 . This model is fit for macrocell environments, where BS antennas are well elevated above the local terrain and free of local reflectors while MS antennas tend to be surrounded by local reflectors due to their low elevation [34] .
As depicted in Fig. 5 , the MS (M ) is located at the center of the concentric circles and the reflectors S n scatter on the circular contour, while the BS (B) is outside the circles. α n and r i are the angle of S n and the radius of the ith circle, respectively. Similarly, the model will be defined by the distribution functions of α n and r i . A nice attribute of GBCCM is that the paths of the RSI components from reflectors on the same circle have the same propagation delay.
We assume that the radius of each circle is uniformly distributed in the range (0, w), where w is a constant that is much greater than λ c , as well as the angle of each reflector uniformly distributed in the range (0, 2π ). The range of incident angle, therefore, covers a period of sinusoidal functions independent of the direction of the motion. This makes another attribute of GBCCM-its independence of the direction of the motion due to MS.
For each RSI component at M , the PDFs of the path length and incident angle are
respectively, which indicates that the RSI is Rayleigh fading. We then discuss the fading characteristics of the DS at M . The incident angle of each DS component follows
and the path length BS n M can be generally represented as
where d 0 is the distance between B and M . For simplicity, we omit the subscripts of the radius r and angle of arrival α.
Considering d DS as a function of r, it is monotonic, then the PDF of d DS is (see Appendix B)
It is easy to observe form Eq. (19) The results indicate that when r follows uniform distribution, the PDF of d DS can be considered as uniform distribution for the cases that the reflected paths from the transmitter to the receiver are sufficiently long, which is independent of α.
Then consider d DS as a function of α, it is not monotonic. We obtain the PDF from the CDF of d DS (see Appendix B)
It can be calculated from Eq. (20 For GBCCM with uniformly distributed r and α, we discover that RSI is Rayleigh fading and DS tends to be Rayleigh fading under two types of conditions: (a) the reflected path from the transmitter to receiver is long, (b) the distribution area of reflectors is limited by the range of incident angle.
IV. NUMERICAL SIMULATION AND DISCUSSION

A. GBCEM SIMULATION
In order to intuitively show the fading characteristics of DS and RSI in microcell environments, we do numerical simulations based on GBCEM. We try to present the signal characteristics in the time and frequency domains (the envelope as a function of time and PSD), the statistics of signal envelope (the CDF of envelope), and the correlational properties (ACF).
Simulation parameters are summarized in Table 1 . Note that the number of reflectors we set is 100, since the Central Limit Theorem requires the number of paths being sufficiently large [37] . The envelopes of DS and RSI are obtained according to Eq. (1), and 2000 samples of each envelope are fitted for Rayleigh distribution. Kolmogorov-Smirnov (K-S) test [39] is used to evaluate the goodness of fitting results by the returned P-value. If DS or RSI does not pass the K-S test for Rayleigh distribution, it will further be fitted for Rician distribution. Note that, if there exists a LOS path between the transmitter and receiver, the DS obtained from Eq. (1) is for the LOS condition, otherwise, it is for the NLOS condition. In the rest of this paper, we use ''DS (LOS)'' and ''DS (NLOS)'' to denote the DS under these two conditions, respectively, whereas ''DS'' to generally represent the DS in both conditions. On the other hand, the ACFs and PSDs of signals are calculated with time averages over the observation time (1 s) instead of ensemble averages, since the difference between time and ensemble averages decreases as the number of paths becomes large [33] . Since the DS (NLOS) obtained by GBCEM is Rayleigh fading (include Rician fading as a special case) when a and α are uniformly distributed, as we previously analyzed in Section III, we can evaluate the model by testing the total pass rate of Rayleigh and Rician distributions for the DS (NLOS). 100 iterations of simulations show that the total pass rate is up to 85%, which indicates GBCEM able to map the Rayleigh fading characteristics of DS (NLOS) in microcell environments.
The fading characteristics of the RSI obtained by GBCEM are then investigated when the DS (NLOS) is Rayleigh fading, that is, we choose simulations with Rayleigh distributed DS (NLOS) and analyze the fading characteristics of RSI under these simulations. The pass rates at 5% significance level for different signals are shown in Fig. 8 . DS (LOS) has a full pass rate for Rician distribution, which is desirable when DS (NLOS) is Rayleigh. For RSI, the pass rates of Rayleigh and Rician distribution are both 36%, and the total pass rate is 72%. Two types of reflection patterns are shown in Fig. 9 , where the pattern in (a) makes RSI undergo Rician fading and that in (b) makes RSI undergo Rayleigh fading. It can be seen from Fig. 9 (a) that the reflector marked by the black arrow is inside the red dash circle while others are outside the circle, which means the marked reflector contributing to a dominant path. Fig. 11 gives the frequency histograms and CDFs of the signal envelopes based on the data presented in Fig. 10 . It is easy to observe that the shapes of the histograms for DS (NLOS) and RSI are close to the PDF of Rayleigh distribution while the shape of the histogram for DS (LOS) is close to the PDF of Rician distribution. In addition, all the three empirical CDFs show in good agreement with the corresponding theoretical CDFs. Finally, Fig. 12 compares the ACF and PSD curves of DS (NLOS) and RSI with the theoretical ACF and Doppler spectrum from Jakes' reference model [33] , which shows that simulation results match with the theory.
Results in Fig. 8 show the total pass rate for RSI lower than 80%. One explanation is that there exist many reflectors whose distances to the receiver are less than 1.5d 0 [see in Fig. 9 (b) ], which deviates from the condition for RSI being Rayleigh fading (discussed in section III-A). Therefore, we set l/d 0 ≥ 1.5 to make all reflectors far away from the receiver, as shown in Fig. 13 , where all reflectors are outside the red dash circle whose radius is 1.5d 0 . Simulation results are shown in Fig. 14 . The pass rate of Rayleigh distribution rises up to 68%, while the total pass rate is up to 92%. The results imply that the fading characteristics of RSI can be modeled as Rayleigh when all the reflectors sit far away from the receiver, which in turn verifies our analysis in section III-A.
Apart from that, the fading characteristics of RSI are also investigated when the reflectors scatter on the specific parts of the elliptical contour. Some parameters in Table 1 are modified to M = 1, N = 100, and α uniformly distributed in the range (24 • , 60 • ) ∪ (300 • , 336 • ). Additionally, we set the eccentricity e = 0.5. It is worth to mention that DS in this scenario is not Rayleigh, since the incident angle of each DS component is not uniformly distributed in (0, 2π ) and the phase shift is determined due to the fixed path length. The result for RSI is that the total pass rate is 68%, which indicates that RSI is likely to be Rayleigh fading when the reflectors sit in a certain region restricted by the range of incident angle.
B. GBCCM SIMULATION
This subsection performs numerical simulations to exhibit the fading characteristics of DS and RSI in GBCCM. Simulation parameters are summarized in Table 2 distance and faster motion of mobile stations in macrocell environments. Besides, since the fading rate becomes faster due to the larger f m , the sampling interval is set smaller in order to better observe the fading characteristics.
We still evaluate the model at first. Since the RSI obtained by GBCCM is desired to be Rayleigh fading (include Rician) when r and α are uniform distributions, we test the total pass rate of Rayleigh and Rician distributions for the RSI under these conditions. 100 iterations of simulations give the total pass rate of 97%, which manifests that the GBCCM is capable of mapping the Rayleigh fading characteristics of RSI in macrocell environments.
Then, we investigate the fading characteristics of the DS obtained by GBCCM, when the RSI is Rayleigh fading (i.e., we investigate the fading characteristics of DS under the simulations with Rayleigh distributed RSI). Fig. 15 displays the pass rates at 5% significance level for different signals. DS (LOS) still has a full pass rate of Rician distribution, while DS (NLOS) has the pass rates of 74% (Rayleigh) and 20% (Rician), respectively. The total pass rate, therefore, is up to 94%, which indicates that, in GBCCM, DS (NLOS) is Rayleigh fading when RSI is Rayleigh fading. Examples of two kinds of spatial reflector patterns are shown in Fig. 16 , where the pattern in (a) accounts for Rician distributed DS (NLOS) while that in (b) accounts for Rayleigh distributed 
DS (NLOS)
. It can be observed that the reflector marked by the black arrow (in Fig. 16 (b) ) contributes to a dominate path.
Numerical results of one simulation are shown in Fig. 17-19 . Signal envelopes against time is shown in Fig. 17 , while the statistics of signal envelopes are revealed in Fig. 18 . The frequency histograms and CDFs in Fig. 18 indicate that the DS (NLOS) and RSI follow Rayleigh distribution, whereas, the DS (LOS) follows Rician distribution. In addition, the ACF and PSD curves of DS (NLOS) and RSI are exhibited in Fig. 19 , which show agreement with Jakes' model.
Moreover, the fading characteristics of DS (NLOS) is also investigated when the reflectors are limited in the specific regions of the circular contours. We modify some parameters in Table 2 , that is, M = 1, N = 100, and α uniformly distributed in the range (30 • , 85 • ) ∪ (275 • , 330 • ), and we set r/d 0 = 0.5. Note that RSI in this scenario is not Rayleigh, since the incident angle of each RSI component is not uniformly distributed in (0, 2π ) and the phase shift is fixed due to the determined r/d 0 . The results for DS (NLOS) are 70% pass rate of Rayleigh distribution and 20% pass rate of Rician distribution, hence the total pass rate is 90%. It indicates that there is a strong possibility that DS (NLOS) is Rayleigh fading when the reflectors sit in a particular region limited by a special range of incident angle, which is consistent with our analysis in Section III.
It is worth to mention that the time domain channel responses measured in the reflective room [6] manifests drastic and random fluctuations, whose shape is very similar to the envelope of RSI signal in our simulation. Additionally, authors in [10] , [11] and [35] made the assumption that the SI channel is Rician fading, which is consistent with our results in the cases that the spatial pattern of reflectors is restricted by the path length or incident angle. However, the assumption is not always right.
V. CONCLUSION
Clear understanding and modeling of SI channel characteristics are critical for effective SIC techniques, which would accelerate practical IBFD operations. Most of the previous works investigated SI channel characteristics based on measurements, whose results are limited to specific environments and antenna configurations. In this paper, we develop two geometry-based statistical channel models, GBCEM and GBCCM, in order to investigate the fading characteristics of RSI and DS for full-duplex systems in micro-and macrocell environments. We derive the PDFs of incident angle and path length in these two models, respectively, based on which the fading characteristics of DS and RSI are identified. Additionally, we present DS and RSI characteristics by simulation in terms of the signal envelope, the statistics of signal envelope, the autocorrelation properties, and the power spectral density. We find that: (a) DS and RSI are Rayleigh fading when reflectors sit far away from the receiver, both in GBCEM and GBCCM. (b) RSI is likely to be Rayleigh fading, even if DS is not, when reflectors sit in a specific region which is restricted by the range of incident angle, in GBCEM. (c) DS has a strong possibility to be Rayleigh fading, whereas RSI is not, when reflectors sit in a specific region which is also limited incident angle, in GBCCM. The developed models are useful for both simulation and analysis purposes, and our works on the fading characteristics of RSI and DS are generally helpful to explore a more efficient SIC mechanism for IBFD systems.
APPENDIX A DERIVATION OF PDFS IN GBCEM
In this Appendix, we show the derivation of the PDFs in Eq. (12) and Eq. (13) .
Since l, in Eq. (11), increases monotonically with the increase of a, according to probability theory [40] , the PDF of l can be calculated as follows, 
where f a (·) represent the PDF of a, and g(a) is the inverse function of f (a). On the other hand, l = f (α) is not monotonic, we first have to obtain the CDF of l. The CDF can be calculated as follows, 
and the PDF is then 
where l ∈ (a − c, a + c).
APPENDIX B DERIVATION OF PDFS IN GBCCM
Similar to Appendix A, we show the derivation of the PDF in Eq. (19) and Eq. (20) . Since the function f (r 1 ) in Eq. (18) 
where f r (·) represents the PDF of r, and g(r) is the inverse function of f (r). For the function d DS = f (α) in Eq. (18), it is not monotonic. So that we calculate the CDF of d DS , 
and the PDF is
where d ∈ (d 0 , d 0 + 2r). 
